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Abstract 
To avoid injuries caused by excessive heating during a therapeutic ultrasound treatment it is important to know the application
time required to bring tissue to a reference temperature. Heating is assumed to be associated to ultrasonic absorption by tissues. 
However, it must be pointed that ultrasonic waves are scattered by heterogeneous media such as tissues. This leads to an increase
in the average wave free-path and, consequently, to an extra ultrasonic absorption, which influences directly the thermal field and 
the correct determination of the thermal dose. To evaluate this phenomenon we analyzed the thermal field generated in silicone-
based phantoms, with different percentages of graphite powder, subjected to continuous ultrasonic irradiation at therapeutic 
levels (0.5, 1.0 and 2.0 W/cm2 at 1.0 MHz). The phantoms had thermocouples inserted at four depths. Just to exemplify, we 
observed that the smaller temperature increase was 3ºC (compared to a phantom with no scatterers) with a phantom loaded with 
0.25% graphite, after irradiated with 0.5 W/cm2 for 2 min. Thus temperature increase, due to the effect of ultrasonic scattering, 
must not be neglected but, on the contrary, should be taken into account, at least for certain treatments. 
© 2010 Elsevier B.V. 
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1. Introduction 
It is well known that the time needed to induce a heating damage on a biological system is directly related to the 
temperature increase above the normal physiological level [1]-[4]. The effectiveness of ultrasound thermal therapies 
(diathermy/hyperthermia) in the treatment of various tumors such as the brain, prostate and breast cancers has been 
observed in clinical trials [5]-[9], not only in cases of ultrasonic ablation therapies, but also in tissue necrosis [5]-[6]. 
Furthermore, ultrasound therapy has also been used as an auxiliary tool in other kinds of radiation treatments [7] or 
chemotherapy [8]. 
From the clinical viewpoint, the goal of the ultrasonic treatment is to deliver to the tumor the therapeutic thermal 
dose (TD), while maintaining the temperature increase in the surrounding healthy tissue at safety levels, therefore, 
minimizing pain, discomfort and potential damage to the patient. In order to avoid damage to healthy tissue the 
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conservative ultrasound treatment protocol adopts limitation of the maximum power or the use of pulses to alternate
heating and cooling periods [9]. However, such an approach can lead to prolonged treatment and increased costs.
Recent studies have been focused on the development of medical treatments not based on intuition and expertise,
as the conservative protocols, but rather, on automatic control systems, which would deliver the prescribed dose at
the shortest time possible, thus, avoiding damage to the normal tissue [12]. Some of such alternative systems make
use of equipments that permit the determination of the tissue temperature based on changes on the blood flow [10]
or on the absorption of ultrasound [11].
The models used so far to determine tissue temperature elevation based on changes in the absorption of 
ultrasound (energy increase per unit of tissue volume) do not distinguish the energy deposited by ultrasound from
that originated by metabolic processes. In particular, the increase in temperature due to ultrasonic irradiation has
been only associated with the absorption without taking into consideration the phenomenon of scattering of the
ultrasonic waves by tissues [13]-[15].
The present study shows that the temperature field is modified when scattering elements are incorporated into a 
phantom (even in a very small percentage). Scattering cannot be considered a heat generator, but rather, a promoter
of an "effective absorption" caused by an increase of the average distance traveled by the wave inside the tissue. So 
the exact thermal dose should take into account ultrasonic scattering in tissue.
2. Theoretical concepts
2.1. Thermal dose 
Thermal dose TD (also known as cumulative equivalent minutes, CEM, at 43 Cº) relates the effectiveness of
treatment to temperature (T) and application time (t). Equation (1) has been empirically validated by several
biological parameters [16]:
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where, the empirical constant R is 0 for T < 39ºC, 0.25 for 39ºC < T < 43ºC and 0.5 for T > 43ºC. Tables relating
doses to the thermal treatment applied are available in the literature [17].
2.2. Temperature field
The Bioheat Transfer Equation (2) model (BHTE) relates temperature field to several parameters of a living
tissue [18]-[20]:
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where, ȡ is the density, kt is the thermal conductivity, c is the specific heat, Z is the blood pe ion rate, Trfu a is the
arterial blood temperature, T is the tissue temperature, t is the application time in position 
G
, Q is the external heat 
source and qm is the metabolic heat. The second term on the right side is the cooling caused by blood perfusion.
The heat resultant from the application of ultrasound to a medium (e.g., phantom) depends on the properties of
the medium’s constituents and is expressed by:
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where, is the absorption coefficient that is a function of position and temperature, PPa m(
G
), the sound pressure at 
point 
G
and ȡcs the acoustic impedance of the propagation medium [21].
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The ultrasound source here employed was a physiotherapeutic equipment set to intensities of 0.5, 1.0 and 2.0 
W/cm2. In this case  and can be neglected in equation (2) that is reduced to:
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2.3. Scattering ultrasonic
he single scattering theory considers an exponential decay of the coherent intensity with the penetration depth of
the ultrasonic wave into the sample [22] and is described by equation (4):
 0 0 TzC CI I T z I e  IV   (4)
where, C  is the coherent transmission coefficient, defined by the ratio between the emitted and dispersed pulse
spectra into the bandwidth of interest. I
T
C and I0 are the coherent and incident intensities, respectively; z is the depth
of the sample; I is the density of the scatterers (volume fraction) and VT is the effective section of the scatterer. If 
the phantom is composed by one type of scatterer, the mean scattering free-path, ls, can be calculated from I and VT
by equation (5) [23]:
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Applying Eq. (5) in (4), the coherent intensity can be calculated by equation (4’):
 (4´)s/zCI e  A
3. Experimental setup 
The experiments were designed with two main purposes: (a) to determine acoustic properties of phantoms
containing different concentrations of scattering elements; and (b) the respective thermal proprieties and temperature
increase when submitted to ultrasound irradiation. To measure the phantom acoustic properties of interest, a pair of
1 MHz transducers, (transmitter and receiver) was employed. The transmitter was excited by a pulse generator
(Matec 9000) and the receiver was connected to a digital oscilloscope (Tektronix TDS 2224B). Both transducers
were aligned facing each other with the phantom placed between them. The ultrasonic pulse generated in the 
transmitter, after propagating through the sample, was captured by the receiver and recorded by the oscilloscope to 
be further processed to get ultrasound propagation speed (V), attenuation (Į) and mean scattering free-path (Is).
Thermal properties of the phantom such as specific heat , conductivity and diffusivity were measured using
Netzsch Nanoflash LFA 447/1.
The temperature increases (¨T) within the phantom during ultrasonic irradiation were measured by calibrated
thermocouples (Constantan Cu55/Ni45 - Chromel Ni90/Cr10, wires with 0.25-mm diameter). The thermocouples
were inserted in the phantom along the acoustic field axis at depths: 1, 2, 3 and 4 cm. The output signal of the
thermocouples was acquired and recorded by an acquisition system Spider 8. Ultrasonic irradiation of 0.5, 1.0 and 
2.0 W/cm2 was produced by a plane circular transducer (diameter of the piezoelectric ceramic was 25 mm) working 
for two minutes in continuous mode at the centre frequency of 1.06 MHz.
3.1. Phantom
The phantoms were based on silicone rubber RTV620 (substrate) which presents properties similar to biological
tissues such as specific heat, thermal conductivity and attenuation. Silicone rectangular cylinders with base diameter
of 50 mm and height varying between 9 and 71 mm were made loaded with graphite powder at 0.25%, 0.5% and 1%
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to investigate the effect of scattering on the phantoms’ heating by ultrasound irradiation. It was assumed that the
graphite concentrations do not change significantly the thermal properties of the mixture (substrate + graphite) from
that of the substrate alone. A rectangular prism of silicone rubber (without graphite) with dimensions
25.0u29.6u47.4 mm was used as reference phantom as it is homogeneous and does not produce ultrasonic
scattering.
3.2. Attenuation
The total attenuation was determined by insertion loss, by transmission (classical substitution method). To
estimate attenuation due to scattering the measurements were compared to the attenuation of a reference phantom
made only with silicone (no scatterers). 
3.3. Scattering
The mean scattering free-path ls characterizes the scattering of ultrasound. This is derived from measures of
coherent transmission coefficient, which to a certain depth, is determined (experimentally) by
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where \i is the amplitude transmitted through the sample in the i-th position, \0 the reference range (without the
sample), ¢…² is the average over the number of positions.
4. Results and discussion
The physical properties of the elements that constitute the phantoms are presented in Table 1. The values of
speed, attenuation and the scattering contribution (ɄS) as a function of % of scatterers are shown in Table 2. They
were obtained by means of transmission method at 1.0 MHz. The attenuation part due to scattering of the ultrasound
pulse ranges from 0 to 28% of the overall attenuation of ultrasound.
Table 1. Properties of the phantoms components: thermal conductivity, specific heat and density [24].
Component kt(Wm-1K-1)
cp
(Jg-1K-1)
U
(Kg m-3)
Graphite 10.8 0.644 2230
Silicone 0.15-0.32 0.705 1350
Table 2. Phantoms properties at 1.0 MHz.
%
scatterers
v
(ms-1)
Į
dB/cm/MHz
ɄS
dB/cm/MHz
0 998±1 1.70±0.02 0
0.25 1001±3 1.75±0.04 0.05±0.06
0.50 1004±5 1.84±0.03 0.14±0.05
1.0 1007±4 2.37±0.07 0.67±0.09
The mean scattering free-path ls given by eq. 4 depends only on I for the same size and shape of the scattering
element (graphite). Its experimental value can be obtained by adjusting a curve ln(Tc) as a function of depth.
Therefore we can relate the Is values of phantoms with different mass percentages of the same scatterer type as 
ls(0.25%) = 1.13 ls(0.5%) = 1.44 ls(1.0%), where the sub-index refers to the weight fraction the graphite (Table 3).
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Table 3. Experimental ls for phantoms.
% scatterers ls
0.25 4.35±0.16
0.50 3.85±0.05
1.0 3.03±0.01
These results show that the ultrasonic wave has a greater path as it increases the scattering, thus, increasing
absorption by the medium which affects the source term Q (Eq.3). 
The temperature curves at different depths, for the homogeneous phantom, are shown in Fig. 1. It is noted that the
deposition of thermal energy at different depths is not uniform. This is due to the ultrasound near field (which is 
used in Physiotherapy), so the source Q term strongly depends on the depth. In particular, at a depth of 45 mm,
temperature increase ('T) reaches a value of 17.2ºC (intensity applied 2.0 W/cm2 for 2 minutes).
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Fig.1 Curves of temperature increase ('T) as a function of time for the homogeneous phantom, intensity 2.0 W/cm2. It shows the influence
of the ultrasonic near field.
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Similar curves are obtained for the other phantoms; in Fig 2 it is shown the 'T at the same depth (45 mm) for
different intensities (graphite phantom 0.5%).
The reached 'T for different phantoms (at 2.0 W/cm2 and 2 min) were 25.1ºC, 33.3ºC and 53.7ºC (Fig. 3). This
means an increase of 46%, 94% and 212% respectively compared to the homogeneous phantom (17.2 C). These
contributions originated from scattering as changes in physical and thermal properties of the phantom, did not
exceed 11%. Similar behavior has been found for other intensities depths, being 3ºC the lowest temperature
increment found.
In the same way, considering the phantom as an adiabatic system during the experiments, the amount of energy
(dQ) is proportional to the temperature increase (dT), that is the well known relation dQ = m.c.dT (m is mass and c,
the specific heat). For the same mass, temperature increment depends only on the medium specific heat, and the 
phantoms with highest % of graphite have more c.
Fig.2 Temperature increase as a function of time for the 0.5% graphite phantom. The maxima 'T are 54.1ºC, 23.3ºC and 10.4ºC for
intensities 2.0, 1.0 and 0.5 W/cm2 respectively.
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Figure 3 Temperature increase for 1.0%, 0.5% and 0.25% graphite phantoms. Intensity of 2.0 W/cm2 (at 45 mm depth).
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5. Conclusion 
This experimental work has demonstrated that, besides contributing for the global attenuation, scattering may 
play a non negligible role in the absorption of US energy once it promotes an increase in the mean free path for the 
US wave. 
It is important to notice that it is usually assumed the Born approximation for US propagation in biological 
tissues. Nevertheless, it seems that this propagation regime should be reviewed as depth increases and tissue 
absorption (heating) is considered. 
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